This work studies the complementarity between hydro, wind and solar photovoltaic energy in the Brazilian state of Rio Grande do Sul. Brazil is a country highly dependent on hydro energy; however, the existent plants are not being able to cover the energy demand in recent years. In this context, the state of Rio Grande do Sul becomes important because of its potential for wind and solar photovoltaic energy, having complementarity between water, wind and solar photovoltaic schemes when hydroelectric reservoirs are at their lowest levels. This study aims to survey the complementarity of various parts of Rio Grande do Sul by proposing mathematical dimensionless ratios, focusing on intra-annual period to carry out a mapping of the entire state. It also analyses the ability to provide power supply throughout the year, through the stabilization of the energy supply, which depends on an adequate scale for photovoltaic, wind power and hydroelectric harnessing. According to the results obtained, the regions with the best complementarity indexes for deployment of a hybrid system in relation to water and wind power were the Metropolitan Region of Porto Alegre and the Southeast region, and the same regions also presented the best results for the complementarity between hydro and solar photovoltaic. Regarding wind and solar photovoltaic energy, the state's northeast region presented the best results. Finally, the Northeast region of the state also presented the best results for the three energies together.
Introduction
The maintenance of an adequate supply of energy in a region depends on how 516 Energy and Power Engineering its energy matrix is composed, taking into account the existence and availability of a set of energy sources [1] . The performance of each individual source (hydro, wind and solar) over a period of time varies due to its seasonality, which may require the activation or deactivation of thermal generators (from fossil fuels or biofuels). For a given energy demand, to verify how the available natural sources complement one another is a point of interest, since it is possible to evaluate the need for thermal complementation of the system, an option that is always more expensive and more polluting.
The structure of power generation of the Brazilian electrical system is essentially characterized by the presence of large generation centers, in which hydroelectric units are predominant [2] . The hydro power corresponds to 74.8% of the country's electric energy matrix, according to data from the National Electric System Operator (ONS) [3] .
The seasonal variation of energy supply in systems linked to this generation structure presents a great challenge to its operators, often requiring the support from thermoelectric plants. This occurs because hydrological regimes have a random character with markedly seasonal fluctuations, possibly complementary along the Brazilian territory.
Thus, hydropower has proved to be efficient but not sufficient to cover Brazilian energy demand in recent years, being necessary the search for new energy alternatives. The installation of renewable complementary sources could represent a solution to this problem, reducing the influence of the seasonal fluctuations of the hydro energy supply.
The southern state of Brazil, Rio Grande do Sul [4], has high potential for complementarity with respect to solar and wind energy, in relation to the already widely used hydroelectricity. This state also presents stations with concomitant data of water flow, wind velocity, and solar radiation, which enables a specific analysis for the use of hybrid systems.
Thus, Rio Grande do Sul was selected for this study that analyzes the complementarity between hydropower, wind and solar photovoltaic energy sources to carry out a mapping that identifies viable sites for use of the hybrid system.
Next, it aims to map the different regions through contour lines to verify the gradual differences and the locations with high potential for complementarity between hydro, wind and photovoltaic solar resources.
The information generated in this study aims to update the survey maps already made, in order to facilitate the analysis of the implantation of small and large systems, bringing economic benefits. This paper also intends to contribute to the discussion about energetic complementarity and the expression of complementarity through maps.
Complementarity between Different Energy Resources
The expression complementarity between energy sources refers to the capacity of energyresources to present complementary energy availabilities. Comple- The work of Beluco [7] described a case of complementarity with two sinu- Generally, a hybrid system relies on the use of a diesel generator set to ensure regularity and stability in the electric power supply [7] . However, the search for complementary sources can diminish the need of diesel generators, which could imply in less costs.
The renewable energy sources most commonly used in this type of system are solar and wind power [8] . The use of only solar energy or wind energy would present a temporal irregularity and an amplitude that would require the sizing of its components with high initial costs. A viable alternative is the use of photovoltaic and wind turbines unified in a single system, allowing the complementarity [9] . This complementarity could be obtained from the difference between the availability periods of the solar and wind energy sources, in order to satisfy the demand, obtaining in this way an increase of reliability and economy in the system as a whole.
A good sizing of the hybrid wind-photovoltaic system, in stand-alone operation for supplying electric power in isolated locations, can provide a reliable supply of electricity, reducing the need for supplementary fuel for diesel generators [10] .
The integrations of wind and solar photovoltaic resources are made by the electricity generated by them, and can be stored in electrochemical batteries in isolated systems. This energy can be used directly in the DC form, or with the aid of a power conditioning system, in the AC form. Thus, the complementarity of this type of arrangement may be seasonal, since it would occur whenever, at certain periods, there were excellent solar radiation conditions and low wind speed intensity, or vice versa [11] .
Knowledge of the availability of solar and wind energy would help in the identification of potential geographic locations for the use of a hybrid photovoltaicwind system. The use of these sources could also be associated with hydro energy, since the consolidation of an integrated electrical system, operating with hydro energy together, directs the national energy management and optimization of the use of reservoirs, providing seasonal stability of energy supply [12] . A complementarity between energy sources can then benefit the design and operation of this type of system.
The next section identifies how the wind and solar photovoltaic energies can act as complementary energy resourceswith hydro energy.
Materials and Methods
This section deals with data processing, discusses the calculation of complementarity indexes for two and three renewable energy resources, and details the preparation of energetic complementarity maps.
Data Processing
The analyses made in this work were based on public data collection of wind and The solar radiation data were obtained through the HOMER software [15] [16] [17] . Entering the latitude and longitude of the wind and flow stations in the program resulted in a table and a daily radiation chart of the 12 months of the year.
Wind speed and flow data were obtained in hourly time series, being afterwards converted to a monthly average of the year. The data of solar radiation were already obtained on monthly average, which facilitated the normalization of data for both sources of energy.
The standardization procedure is fundamental for analysis of complementarity of the energy sources with different units. In this work, monthly averages for the twelve months of the year, for the same year from both sources, were rea- 
In this Equation (1), In is the normalized index for each of the twelve months, X is average of the month in question, X min is minimum monthly average value and X max is the maximum monthly average value.
With the standardized data for both sources during the twelve months of the year it is possible to carry out an adequate graphical analysis.
Complementarity Index for Two Energy Resources
The index of complementarity in time, called as index of total complementarity I, is an index elaborated to express the degree of complementarity between the availability of two sources of energy. I t is defined according to Equation (2) and includes the time lag evaluation (time complementarity index), the relationship between the means and between the amplitudes. In this work, only the index of complementarity in time I t will be considered, so the index of total complementarity I depends only on this index.
The time complementarity index, I t , is defined according to Equation ( 
For this equation, Dh is the day corresponding to the maximum value of water availability, dh is day corresponding to the minimum value of water availability, De is the day corresponding to the maximum value of wind availability, and de is the day corresponding to the minimum value of wind availability.
This Equation (3) can receive as input the three sources of energy used in this work, hydropower, wind and solar photovoltaic, to be analyzed in pairs.
Mapping Complementarity in the State of Rio Grande do Sul
The mapping of region complementarity was performed using ArcGIS software through data interpolation in the ArcToolbox menu. The data was imported from an Excel 
Results and Discussion
Using the data obtained, four maps were created for the complementary analysis of hydric and wind energy, hydroelectric and photovoltaic solar energy, wind and solar photovoltaic energy, and, finally, a map with hydropower, wind and solar photovoltaic energy. These maps were created using the partial index of time to facilitate the analysis. This difference is due to the data source used, since Beluco used precipitation data for the rainfall data, while the present work uses fluviometric flow data.
In regions where the complementarity index is lower, it would be more appropriate to use only hydropower than a solar-photovoltaic hybrid system. But the use of complementarity as a tool for energy resource management goes further, and it should also indicate how to prioritize enterprises formed by plants The maps of Pianezzola [8] , cannot be compared with this map, because in his thesis the maps were obtained with indexes of complementarity of amplitude, In comparison with the complementarity map between hydro and wind power, which presented higher I indexes in the Southeast region, the complementarity map between the three energy sources presented higher indexes in the Northeast region. In comparison with the complementarity map between hydropower and photovoltaic solar energy, which had higher I indexes in the Southeast region, the complementarity map between the three energies presented higher indexes in the Northeast region. Finally, the final map generated showed higher indexes in the Northeast region, as well as the complementarity map between wind and photovoltaic solar energy, which were previously created.
Conclusions
This work verified the complementarity in time between hydro, wind and solar photovoltaic energy in the state of Rio Grande do Sul, proving that wind and solar photovoltaic energies have potential to complement the hydroelectric generation in the state, thus contributing to the national electricity system. This contribution is associated to the availability conditions in temporal terms of energy, generating a balance in the electric energy matrix, enabling a better optimization of the reservoirs and allowing them to be used during periods of drought.
Thus, this work contributes with a study for the complementarity between hydro, wind and solar photovoltaic energies in the state of Rio Grande do Sul with dimensionless indexes for the creation of maps of complementarity in the region. About 45% of the studied region presented temporal complementarity above 0.5 in relation to the mean of the three complementarities analyzed in pairs. About 65% of the region studied had a temporal complementarity index above 0.8 in relation to the complementarity of the three energies together.
The regions with the best complementarity indexes for the implementation of a hybrid system in relation to energy, water and wind were the metropolitan region of Porto Alegre and the Southeast region. In relation to energy, water and photovoltaic solar, the Metropolitan regions of Porto Alegre and Southeast showed the best results. Regarding the wind and solar photovoltaic energies, the Northeast region of the state showed the best result. In relation to the three energies, hydro, wind and photovoltaic solar, the Northeast region was pointed as propitious region for implantation of this system.
The maps obtained are able to help in the study and implantation of wind and 
